Carrageenan, a sulfated polysaccharide that is widely used as a food additive, induces inflammatory responses in animal models and human cells. The carrageenan-induced inflammatory cascades involve TLR4-and BCL10-dependent activation of NF-κB, leading to increased IL-8 production. Translocations involving BCL10 in the mucosa-associated lymphoid tissue (MALT) lymphomas are associated with constitutive activation of NF-κB. This report presents a mechanism by which carrageenan exposure leads to prolonged activation of both BCL10 and NF-κB in human colonic epithelial cells. Study findings demonstrate that nuclear RelA and RelB bind to an NF-κB binding motif in the BCL10 promoter in human colonic epithelial NCM460 and HT-29 cells. In vitro oligonucleotide binding assay, non-radioactive gel shift assay, and chromatin immunoprecipitation (ChIP) indicate binding of RelA and RelB to the BCL10 promoter. Prolonged inflammation follows activation of the BCL10-NFκB inflammatory loop in response to carrageenan, shown by increased BCL10, RelA, and IL-8 for 36 to 48 hours and increased RelB for 24 hours following withdrawal of carrageenan after 12 hours. In contrast, exposure to dextran sulfate sodium, which does not cause inflammation through TLR4 and BCL10 in the colonic epithelial cells, did not provoke prolonged activation of inflammation. The carrageenan-enhanced BCL10 promoter activity was blocked by caffeic acid phenethyl ester (CAPE) and MB-132 which inhibit NF-κB activation. These results indicate that NF-κB binding to the BCL10 promoter can lead to prolonged activation of the carrageenan-induced inflammatory cascade by a transcriptional mechanism involving an NF-κB -BCL10 loop.
Bullet Points
• Exposure to common food additive carrageenan initiates protracted inflammation 
Background about carrageenan exposure
Carrageenans are highly sulfated polysaccharides that are obtained from red seaweeds (Rhodophycae). They have been widely used for decades as a thickener, stabilizer, or emulsifying agent in many processed foods in the Western diet, including dairy products, processed meats, soymilk, and infant formula, and are also used in a variety of other products, such as cosmetics, toothpaste, room deodorizers, and pharmaceuticals. Current data suggest average consumption of 250 mg/day of carrageenan in the United States. Multiple studies in mammals have demonstrated that carrageenan exposure predictably causes inflammation, including development of ulcerations, polyps, colitis, and colorectal tumors, and carrageenan has been used in thousands of cell-based and animal experiments to cause inflammation, primarily to study mediators of inflammation and anti-inflammatory therapeutics [1] [2] [3] .
Carrageenan stimulates TLR4 -BCL10 mediated pathway of inflammation
In human colonic epithelial cells and murine models, we have reported that carrageenan triggers innate immune pathways of inflammation in which TLR4 and BCL10 are critical [4] [5] [6] [7] [8] .
The inflammatory response initiated by carrageenan exposure activated both canonical, involving RelA (p65) and p50, and non-canonical, involving RelB and p52, pathways of NF-κB activation. We have demonstrated that carrageenan induces inflammatory responses via three cascades: 1) a TLR4, BCL10, IkappaB kinase (IKK)γ, and phospho-IκBα-mediated activation of RelA; 2) a TLR4, BCL10, phospho-NF-κB-inducing kinase (NIK), IKKα-mediated activation of the non-canonical pathway leading to nuclear translocation of p52 and RelB; and 3) a reactiveoxygen species (ROS)-mediated pathway requiring Hsp27 and IKKβ (Fig. 1) [4] [5] [6] [7] [8] . Recent work also demonstrated that carrageenan-induced inflammation caused glucose intolerance, insulin resistance, and impaired insulin signaling in mouse and cell-based studies [9] . These effects are consistent with the role of TLR4-induced inflammation reported in diabetes and carrageenan stimulation of TLR4-mediated inflammatory cascades [10] .
BCL10 is associated with constitutive activation of NF-κB in the MALT lymphomas
BCL10, which encodes a cytosolic protein composed of 233 amino acids, has a pivotal role in the innate immune-mediated pathways of inflammation that require TLR4. The BCL10 gene (locus 1p22) was originally identified from a recurrent breakpoint t(1;14)(p22;q32) found in gastric mucosa-associated lymphoid tissue (MALT) lymphomas that was associated with constitutive activation of NF-κB [11, 12] . BCL10 was shown to be an adaptor protein that mediated canonical NF-κB signaling in T and B lymphocytes. Subsequently, a critical role for BCL10 in non-myeloid cells was identified, including mediation of the inflammatory cascade in response to carrageenan, lipopolysaccharide, platelet-activating factor (PAF), lysophosphatidic acid, and angiotensin II [4, [13] [14] [15] [16] [17] . Experiments with BCL10 silencing and mutation in human colonic epithelial cells demonstrated a requirement for BCL10 in production of canonical and non-canonical activation of NF-κB, involving NF-κB components RelA and RelB, respectively [6, 7, 18] . In this report, we present a transcriptional mechanism by which carrageenan initiates an inflammatory loop, involving the up-regulation of BCL10 expression and prolonged activation of canonical and non-canonical NF-κB pathways of inflammation. This transcriptional effect is based on our previous identification of a putative NF-κB binding sequence in the BCL10 promoter that was activated following exposure to PAF [17] .
Materials and Methods

Cell culture of colonic epithelial cells
NCM460 cells, a human colonic epithelial cell line derived from normal colonic mucosa, were grown in M3:10 TM media (INCELL, San Antonio, TX) and maintained at 37°C in a humidified 5%CO 2 environment with media changes at 2-day intervals [19] . The HT-29 (ATCC #HTB-38) cell line, a human colonic adenocarcinoma cell line, was grown in DMEM media with 10% FBS.
BCL10 promoter activity by luciferase assay
A 1310 bp promoter region of BCL10 gene (NM_003921) that was cloned previously into pGL2 plasmid (Promega, Fitchburg, WI) was transiently transfected into NCM460 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) [17] . Twenty-four hours post-transfection, cells were treated with λ-carrageenan (1 μg/ml; Sigma Chemical Company, St. Louis, MO) for 24 h.
Promoter activity was measured utilizing firefly luciferase assay kit (Promega) as described previously and expressed as relative luciferase units (RLU) / mg protein [17] . Putative transcription factor binding sites in the promoter region where identified using TFSEARCH and Motif Search (http://motif.genome.jp/)., as previously described [17] .
BCL10 and phospho-BCL10 by ELISA
A standardized BCL10 ELISA was used to determine the BCL10 content following stimulation by carrageenan, with or without caffeic acid phenethyl ester (CAPE), an inhibitor of NF-κB activation or MG-132, a proteasomal inhibitor [4, 20, 21] . Cells were pre-treated with CAPE (50 μM x 1 hr) or MG-132 (20 μM x 2 h), and then in combination with carrageenan (1 μg/ml x 24 h). Phospho-BCL10 was detected by cell-based ELISA using phospho(Ser138)-BCL10 antibody, as previously described [6, 7] . 
Detection of DNA-protein interactions by Digoxigenin (DIG)-non-radioactive gel shift assay
The binding of RelA (p65) to the putative NF-κB binding element was detected utilizing the nonradioactive DIG Gel Shift Kit (Roche, Indianapolis, IN). Nuclear extracts from control or carrageenan-treated cells were prepared using the nuclear extraction kit (Active Motif).
Recombinant terminal transferase and digoxigenin (DIG)-11-ddUTP were used to label the 3΄ end of the NF-κB oligonucleotide binding site in the BCL10 promoter (NFE) which differed from the consensus oligonucleotide for NFκB (NF) and the mutated NF-κB binding sequence in BCL10 promoter (NFEM). The labeled probe was incubated with the nuclear extracts with or without competition by unlabeled oligos, with or without specific RelA or p50 antibodies, for analysis of competition, as described previously [7] . Nuclear extracts and probes were run on a 7 4% polyacrylamide gel. An alkaline phosphatase conjugated anti-digoxigenin antibody bound to the DIG-labeled oligonucleotide-protein complex, and the immobilized alkaline phosphatase removed a phosphate group from the chemiluminescent substrate CSPD, thereby emitting a signal that was detected and proportionate to the amount of bound NFE.
Detection of DNA-protein interactions by chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed utilizing a ChIP assay kit (Active Motif). Control and carrageenan-treated HT-29 cells were fixed with 1% formaldehyde for 10 min at room temperature, followed by shearing of chromatin by sonication. Sheared DNA was incubated with anti-RelA and anti-RelB antibodies (Active Motif) for 1 h. Protein-DNA complexes were precipitated by protein A-coupled agarose beads. After purification of the DNA from the immunoprecipitated complexes by reversal of cross-linking, followed by proteinase K treatment, real-time RT-PCR was performed using Brilliant SYBR Green QRT-PCR master mix (Stratagene, La Jolla, CA) and Mx3000 (Stratagene) with the primer pair (forward: 5′-ACGGAAACGATGCCTTATGA-3′ and reverse: 5′-TCCTTCCCTCTAGGCTCAGG-3′) that encompassed the putative NF-κB binding element in the BCL10 promoter. Band intensity was compared between the carrageenan-treated and the control samples on a 1.5% agarose gel.
Carrageenan and Dextran Sulfate Sodium (DSS) withdrawal studies
NCM460 and HT-29 cells grown to 60% confluency in 24-well plates were treated with λcarrageenan (1 μg/ml) or DSS (1 μg/ml; Sigma, St. Louis, MO) for 12 h. In selected wells, carrageenan or DSS treatment was continued for 60 h, with exchange of fresh, carrageenan or DSS-containing media every 12 h. In other wells, carrageenan or DSS was withdrawn after 12 h, and fresh media, without carrageenan or DSS was exchanged every 12 h. Samples (cells or spent media) from all preparations were collected at 12 h intervals. Spent media were stored at -80° C for subsequent IL-8 measurement; cells were washed with 1xPBS and stored at -80° C for later processing to measure RelA or RelB in the nuclear extracts.
Statistical analysis
Data are the mean ± Standard Deviation (S. D.) of three independent biological samples with two technical replicates of each determination, unless stated otherwise. Statistical significance was determined by one-way ANOVA followed by a post-hoc Tukey-Kramer test for multiple comparisons, unless stated otherwise in the Results or Figure Legends, using Prism or InStat software (GraphPad, Carlsbad, CA). Asterisks represent significant differences compared to control, with * for p<0.05, ** for p<0.01, and *** for p<0.001.
Results
Carrageenan exposure increased BCL10 promoter activity
NCM460 cells, derived from normal colonic epithelial cells, were exposed to λcarrageenan (carrageenan 1 μg/ml x 24 hr) to examine the effects on BCL10 promoter activity.
A 1310 bp fragment of the 5′-untranslated region of the BCL10 gene that has cis elements for various transcription factors, including NF-κB, was cloned previously in the pGL2 reporter plasmid [17] . When transiently transfected into NCM460 cells, the cloned fragment showed 10fold greater promoter activity, as compared to pGL2 empty vector control. Carrageenan treatment for 24 hours further increased the BCL10 promoter activity (~2-fold) ( Fig. 2A) , consistent with previously reported increases in BCL10 expression following carrageenan. The carrageenan-induced increase in BCL10 protein expression was completely inhibited when NCM460 cells were pre-incubated with caffeic acid phenethyl ester (CAPE 50 μM x 1 h, then in combination with carrageenan 1 μg/ml x 24 h), an inhibitor of NF-κB nuclear translocation (Fig.   2B ). In contrast, the carrageenan-induced increase in phospho-BCL10 level was unaffected ( Fig. 2C) . In the colorectal adenocarcinoma cell line HT-29, similar decline in BCL10 protein expression and no change in phospho-BCL10 were demonstrated with CAPE and with the proteasomal inhibitor MG-132 (20 μM x 2 h, then in combination with λ-carrageenan x 24 h) ( Fig. 2D, 2E) , indicating that these effects are not cell-line specific. These findings demonstrate that the enhanced BCL10 expression following carrageenan is a transcriptional effect that requires the nuclear translocation of NF-κB.
Carrageenan increased RelA and RelB binding to BCL10 promoter
Oligonucleotide-based ELISA
The BCL10 promoter construct contains a sequence with high homology to the established NF-κB consensus sequence that was identified as a putative NF-κB binding sequence [17] . By oligonucleotide-based ELISA, carrageenan exposure significantly increased binding of RelA to the NFE (experimental NF-κB binding site in BCL10 promoter), as well as to the established NF-κB consensus sequence (NF) (p<0.001), but not to the mutated sequence (NFEM) in the NCM460 cells ( Fig. 3A) . Carrageenan treatment also significantly increased binding of RelB to the NFE and NF (p<0.001), but not the NFEM (Fig. 3B) . Carrageenan treatment did not induce c-Rel binding to NF, NFE or NFEM (Fig. 3C) .
Non-radioactive competitive oligonucleotide-protein gel shift assay
The carrageenan-induced enhancement of NF-κB binding to NFE was also shown by competitive oligonucleotide-protein gel shift assay in the NCM460 cells ( Fig. 3D, 3E) . competed out the binding of the endogenous Rel A or p50 in the nuclear extract to labeled NFE, as noted above.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay examined the in vivo interaction of RelA and RelB proteins with the BCL10 promoter following carrageenan exposure in the HT-29 cells.
The BCL10 promoter had increased interaction with RelA ( Fig. 3F) and RelB (Fig. 3G) in carrageenan-treated cells, compared to control. The specificity of the ChIP was verified using control IgG-precipitated chromatin, and no PCR-amplified product was visible.
Carrageenan exposure caused prolonged NF-κB activation in NCM460 and HT-29 cells
Since the function of the NF-κB-BCL10 loop was anticipated to lead to a prolonged inflammatory response following carrageenan exposure, the duration of the effects of carrageenan stimulation were tested following carrageenan withdrawal. In the NCM460 cells, IL-8 secretion in the spent media (Fig. 4A) , total cellular BCL10 protein content (Fig. 4B) , and nuclear RelA (Fig. 4C ) remained significantly elevated compared to control for 24 h after carrageenan withdrawal. Nuclear RelB (Fig. 4D ) remained significantly elevated for 12 h after carrageenan withdrawal. Sustained increase in BCL10 was also demonstrated by Western blot at 36 hours which indicates significantly increased BCL10 protein, compared to untreated control ( Fig. 4E) , although less than with continuous carrageenan treatment. Phospho(Ser138)-BCL10 was markedly increased at 36 hours following continuous exposure to carrageenan, as demonstrated by Western blot (Fig. 4F) . When carrageenan was withdrawn after 12 hours, the intensity of the band for phospho-BCL10 at 36 hours was much reduced. In the HT-29 cells, even larger sustained effects were observed following withdrawal of carrageenan than were evident in the NCM460 cells (Supplementary Figures 1A-1D ).
DSS treatment did not lead to sustained NF-κB activation
Effects of carrageenan differed from those obtained following exposure to dextran sodium sulfate (DSS), the sulfated polysaccharide that is very commonly used to cause inflammation in cell-based and animal experiments. DSS (1 μg/ml x 24 h) increased RelA, but not RelB in NCM460 cells (Fig. 5A) . Withdrawal experiments using DSS in the NCM460 and HT-29 cells showed that DSS stimulation did not produce sustained increases in RelA or IL-8.
Treatment with DSS (1 μg/ml) for 12 h significantly increased IL-8 secretion ( Fig. 5B) and
nuclear RelA (Fig. 5C) , compared to control. However, upon DSS withdrawal, IL-8 and RelA levels declined to the control levels by 24 h, indicating that the inflammatory response was not sustained. RelB did not increase following exposure to DSS in the NCM460 cells ( Fig. 5D) .
Similar lack of sustained increases in IL-8 and RelA was demonstrated in the HT-29 cells following exposure to DSS ( Supplementary Figures 2A-2B ).
Discussion
Previous reports have presented three pathways by which exposure to the common food additive carrageenan stimulates inflammation in human colonic epithelial cells (Fig. 1) [4] [5] [6] [7] [8] . The caspase recruitment domain (CARD)-containing protein BCL10 has previously been implicated in sustained inflammatory processes in lymphocytes, since translocations involving BCL10 are of etiologic significance in development of mucosa-associated lymphoid tissue (MALT) lymphomas [11, 12] . The MALT lymphomas, first described in 1983, are the third most common subtype of non-Hodgkin's Lymphoma. They arise in a wide range of sites, including most commonly stomach (~70%), lung (~14%), then ocular adnexa, thyroid, and small intestine Carrageenan due to its unique chemical structure stimulates innate immune responses and evokes sustained activation of NF-κB and BCL10. Previously, we reported that NF-κB activation in response to DSS treatment was mediated via reactive oxygen species and Hsp27, and did not involve TLR4 or BCL10, since BCL10 silencing had no impact on the responses to DSS, DSS exposure did not increase BCL10, and MyD88 and TLR4 were not required for DSS effects [26] . In the current study, inflammatory responses are not prolonged following withdrawal of DSS, consistent with observed effects in animal models [27] . The difference in the inflammatory mechanisms between carrageenan and DSS, both of which are highly sulfated polysaccharides, but vary in their specific hexoses and in their glycosidic bonds, supports the essential role of the unique chemical structure of carrageenan, involving its unusual alpha-1,3galactosidic bond, in activation of an innate immune response [28, 29] . In contrast, DSS, which is not used as a food additive, but predictably causes inflammation, is composed of glucose residues, linked predominantly in alpha-1,6-bonds [30]
The post-translational modifications of BCL10 may modulate the effects of specific inflammatory signals, and BCL10 may serve a critical function in the downstream regulation of different inputs, such as those from carrageenan, lipopolysaccharide, platelet-activating factor, angiotensin II, and lysophosphatidic acid [6, 7, [13] [14] [15] [16] [17] [18] . The phosphorylation of BCL10 Ser138 is required for phosphorylation of NIK in the non-canonical pathway of NF-κB activation, and was not affected by proteasomal inhibition by MG-132 or by CAPE, indicating that BCL10 phosphorylation occurs independently of NF-κB nuclear translocation, in contrast to BCL10 expression [6, 7, 18, 21] . The study finding that the RelB activation is sustained for a shorter interval than the RelA activation suggests that another process, likely involving the phosphorylation of NIK, BCL10, or IKKα, is also required to prolong the activation of the noncanonical pathway.
Exposure of cells to inflammatory stimuli results in rapid phosphorylation and degradation of IκBα and subsequent translocation of NF-κB to the nucleus. These events enable prompt cellular response in the absence of de novo protein synthesis [31, 32] . Given the central role of NF-κB in the pathogenesis and maintenance of chronic inflammatory states, examination of mechanisms that contribute to the prolonged activation of NF-κB is of considerable relevance to human disease. In the current report, carrageenan exposure for 12 hours caused sustained RelA activation, IL-8 production, and BCL10 protein level for 48 hours. The double-stranded annealed nucleotides corresponding to the established NF-κB consensus sequence (NF), the putative, experimental NF-κB binding element in the BCL10 promoter (NFE), or its mutated version (NFEM) were coated onto the wells of microtiter plates.
A. In the NCM460 cells, binding of RelA to the NF-κB consensus sequence (NF) and NF-κB binding element in the BCL10 promoter (NFE) was increased following exposure to carrageenan, whereas binding to the mutated sequence (NFEM) was unaffected.
B.
Similarly, binding of RelB to NF and NFE was increased after carrageenan, but binding to NFEM was unaffected. NCM460 cells were either exposed to carrageenan continuously for 60 hours with media exchange and replenishment of carrageenan every 12 hours, exposed to carrageenan for only an initial 12 h period with media exchange every 12 hours, or not exposed to carrageenan at all with media exchange every 12 hours. Statistical significance was determined by one-way ANOVA with Tukey-Kramer post-test.
A. In the NCM460 cells, when compared to untreated controls, IL-8 remained significantly 22 elevated at 24 (p<0.001) and 36 hours (p<0.05) in the spent media of the cells treated for only 12 hours. B. Total cellular BCL10 remained significantly increased at 24 (p<0.001) and 36 (p<0.001) hours, following withdrawal of carrageenan after 12 hours.
C.
RelA remained significantly increased in the nuclear lysates of the NCM460 cells at 24 (p<0.001) and 36 (p<0.001) hours, following 12 hours of carrageenan exposure.
D.
RelB remained significantly increased at 24 (p<0.01) hours in the NCM460 cells following withdrawal of carrageenan after 12 hours. E. Western blot demonstrates increase in BCL10 protein at 36 hours following withdrawal of carrageenan after 12 hours. Continued exposure to carrageenan leads to more intense staining.
Densitometry confirms the visual impression. [CGN=carrageenan]
F. Western blot demonstrates marked increase in the band intensity of phospho-BCL10 at 36 hours upon continuous exposure to carrageenan, and a much smaller response when carrageenan was withdrawn after 12 hours. NCM460 cells were initially exposed to DSS (1 μg/ml) for 12 hr. This was followed by either replenishment with fresh DSS containing media every 12 h, or with media without DSS. Samples (spent media or cells) were harvested every 12 h.
B. IL-8 declined to untreated level by 24 hours in the NCM460 cells.
C.
RelA declined to untreated level by 24 hours in the NCM460 cells.
[DSS=dextran sulfate sodium] D. RelB did not increase following exposure to DSS in the NCM460 cells. Figure 1 . In the HT-29 cells, effects were determined at 12, 24, 36, and 48 hour time points following withdrawal of carrageenan, in contrast to no treatment control and renewed treatment every 12 hours.
Legends.
Supplementary
A. IL-8 remained significantly elevated at 24 (p<0.001), 36 (p<0.001), and 48 (p<0.01) hours following withdrawal of the carrageenan after 12 hours of treatment, suggesting a more prolonged effect in the HT-29 cells than in the NCM460 cells.
B. The BCL10 remained significantly increased at 24 (p<0.001) and 36 (p<0.001) hours following withdrawal at 12 hours.
C. The increase in RelA remained significant at 24( p<0.001), 36 (p<0.001), and 48 (p<0.05) hours.
D.
RelB was significantly increased at 24 (p<0.01) hours, following withdrawal of the carrageenan at 12 hours. 
